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Genome-wide analysis of SET domain genes ==

and the function of GhSDG51 during salt stress
in upland cotton (Gossypium hirsutum L.)
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Abstract

Background Cotton, being extensively cultivated, holds immense economic significance as one of the most promi-
nent crops globally. The SET (Su(var), E, and Trithorax) domain-containing protein is of significant importance in plant
development, growth, and response to abiotic stress by modifying the lysine methylation status of histone. However,
the comprehensive identification of SET domain genes (SDG) have not been conducted in upland cotton (Gossypium
hirsutum L.).

Results A total of 229 SDGs were identified in four Gossypium species, including G. arboretum, G. raimondii, G. hir-
sutum, and G. barbadense. These genes could distinctly be divided into eight groups. The analysis of gene structure
and protein motif revealed a high degree of conservation among the SDGs within the same group. Collinearity analy-
sis suggested that the SDGs of Gossypium species and most of the other selected plants were mainly expanded by dis-
persed duplication events and whole genome duplication (WGD) events. The allopolyploidization event also has a
significant impact on the expansion of SDGs in tetraploid Gossypium species. Furthermore, the characteristics of these
genes have been relatively conserved during the evolution. Cis-element analysis revealed that GhSDGs play a role

in resistance to abiotic stresses and growth development. Furthermore, the gRT-PCR results have indicated the abil-
ity of GhSDGs to respond to salt stress. Co-expression analysis revealed that GhSDG5T might co-express with genes
associated with salt stress. In addition, the silencing of GhSDG51 in cotton by the virus-induced gene silencing (VIGS)
method suggested a potential positive regulatory role of GhSDG51 in salt stress.

Conclusions The results of this study comprehensively analyze the SDGs in cotton and provide a basis for under-
standing the biological role of SDGs in the stress resistance in upland cotton.
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Background

As an important role in the process of histone methyla-
tion, the SET domain gene family is widely distributed
in eukaryotes. The name of SET was taken from the
three regulatory factors containing the SET domain,
including Su (var) 3-9 [1], Enhancer of zeste [2], and
Triohoarx [3], which were first found in Drosophila
melanogaster. SET domain gene (SDG) family could
offer the activity of histone methyltransferase in the
plant, which regulates plant histone lysine methylation.
The SDG proteins are a specific catalytic site of histone
lysine methyltransferase and are highly conserved in
evolution [4].

The SDG family plays significant roles in the regula-
tion of various biological processes, such as plant growth
and development [5, 6]. The first reported SDGs in plants
were the CLF (CURLYLEAF) and MEA (MEDEA) genes
in Arabidopsis [7, 8], which could stably repress the flo-
ral homeotic gene and encoded a protein with homology
to the product of the polycomb-group gene, enhancer of
zeste, ensuring the stable inheritance of expression pat-
terns through cell division and regulating the control of
cell proliferation. In Arabidopsis, TRITHORAX1 (ATX1,
named SDG27 in this study) has been shown to regulate
floral organ development. AtATX1 directly binds the
active FLC locus before flowering, and this interaction is
released upon the transition to flowering [9]. Meanwhile,
AtSDG40 affects flowering time by epigenetically modu-
lated FLC expression. The decreased levels of H3K4me3
and increased H3K27me3 in FLC chromatin led to earlier
flowering in AtSDG40 mutants [10]. In rice, OsSDG701
encoded an H3K4-methyltransferase that enhanced the
expression of rice Hd3a and RFTI florigen, and pro-
moted rice flowering under either long-day or short-day
conditions [11].

In addition, SDG proteins have also been found to
participate in response to external cues, including both
abiotic and biotic stresses [12]. The chromatin modi-
fier AtATX1 participated in drought signal transduction
in Arabidopsis [13]. At the same time, AtATX1 affected
the genes regulating the ABA pathway by up-regulating
the expression of NCED3 to improve drought stress tol-
erance [14]. Low temperature significantly affected the
expression of DcSUVHSa, DcATXR5a, and DcSUVRI4a,
and the expression of DcASHR3, DcSUVR3, DcATXR4,
DcATXR5b, and DcSDG49 genes were affected by
drought stress in orchids [15]. In Arabidopsis, the his-
tone methyltransferase AtSDGS8 defends against fungal
pathogens in plants by regulating a subset of genes in the
jasmonic acid (JA) and ethylene signaling pathways [16].
These findings indicate that the SDGs could alter the his-
tone methylation signal and affect the growth and adap-
tation of plants.
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The identification and functional analysis of SDG gene
family members has been deployed in many plant spe-
cies, including Arabidopsis thaliana [17], Oryza sativa
[18], Zea mays [19], Gossypium raimondii [20], Brassica
napus [21], and Triticum aestivum [22] with 49, 43, 43,
52, 122, and 166 members, respectively. However, the
study on SDG genes in upland cotton is still limited. In
this study, a comprehensive identification of SDG pro-
teins was conducted in four Gossypium species. This
involved analyzing various aspects such as the analy-
sis of the phylogenetic tree, chromosomal distribution,
evolutionary, gene structure, domain organization, and
cis-elements. In addition, the expression of SDG genes
during plant growth and development and the response
to various abiotic stresses were investigated. We further
performed the qRT-PCR assays to verify the GhSDGs in
response to abiotic stresses and hormonal treatments. In
addition, the WGNCA analysis showed that GASDGS1
co-expressed with many genes that are associated with
salt stress. The further VIGS assays showed that the
silencing of GhSDG51 could reduce the salt stress toler-
ance in cotton plants compared with the control. Taken
together, this research will provide valuable insights for
future investigations on the SDG protein in cotton.

Results

Identification of SDG family members

By scanning the SET domain, a total of 40, 40, 75, and 74
SDG genes were identified in G. arboreum, G. raimondii,
G. barbadense, and G. hirsutum, respectively. These genes
were subsequently named as GaSDG1-40, GrSDG1-40,
GbSDG1-75, and GhSDGI-74 according to their chro-
mosomal location. All of the members in the SDG fam-
ily contained one SET domain, along with several other
types of domains such as SAD, AWS, PWWP, MYDN fin-
ger, etc. (Fig. S1). The physical and chemical properties of
the members of the SDG family members, including pro-
tein length, protein molecular weight (MWs), isoelectric
point (pIs), and protein hydrophilicity and hydropho-
bicity were analyzed (Table S1). The distribution of val-
ues of the above physical and chemical characteristics in
allotetraploid cotton and their diploid progenitors were
approximately equal to each other (Fig. S2).

Phylogenetic analysis and structure of SDG family
members

Combined with the identified SDG member in Arabidop-
sis thaliana and Oryza sativa, a total of 297 proteins were
chosen to generate a phylogenetic tree (Fig. 1). As clearly
shown in the phylogenetic tree, the SDG proteins can be
divided into eight distinct subfamilies, namely subfamily
I~ VIL Each subfamily contains multiple SDG members
from Gossypium species and at least one AtSDG member,
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Fig. 1 Phylogenetic tree of SDG proteins from six plant species. A phylogenetic tree was constructed using FastTree based on 297 SDG proteins
obtained from Arabidopsis thaliana, Oryza sativa, Gossypium hirsutum, Gossypium barbadense, Gossypium arboreum, and Gossypium raimondii. The
SDG proteins of the six species are denoted by distinct symbols and colors, while the eight subfamilies are distinguished by varying background

colors

indicating that there is no Gossypium-specific subfamily
was found. Among the above subfamilies, the subfamily
III contained the most members (30.97%), whereas the
IV only contained seven members (2.35%). The member
of each subfamily from G. hirsutum and G. barbadense
was almost twice that of those from the diploid cotton.
To explore the structure of SDG members, a total of 15
motifs were identified (Fig. 2). These motifs performed
different distributed patterns within each subgroup. The
motif 3 (HIGLFAKRDIPAGEELTYDYG, identified as a
part of SET domain) was detected in all of the subfami-
lies, and the motif 10 (WTTERCAVCRWVEDWDYNKI-
JICNRCQIAVHQECYGARNVRD, identified as a part of
PHD-finger domain) and motif 13 (WVHVTCAWEFRPE-
VSFADDEKMEPALGILRIPSDSFVKICVICKQIHG-
SCT, identified as a part of PHD-zinc-finger like domain)
belonged exclusively to subfamily V (Table S2). The motif
11 was only detected in subfamily III and VII. On the
other hand, the gene structure (exon-intron structure)

of the GhSDGs exhibited significant variations across
different subfamilies. All of the members in subfamily I
displayed the mono-exon structure, while the members
in subfamily V consisted of 21 ~24 exons. These results
suggest that the gene structure and protein architecture
of GhSDGs are conserved within each specific subfamily,
implying that they may possess functions, and are con-
sistent with the classification of the phylogenetic analysis.

Gene duplication and selection pressure analysis of SDG
members

To investigate the expansion pattern of SDG genes, we
conducted a further analysis to identify the duplica-
tion pattern. Multiple types of duplication events were
detected in cotton’s SDG genes. The expansion of the
SDG genes in Gossypium species was primarily driven
by the dispersed duplication event, with the subsequent
whole genome duplication (WGD) event also play-
ing a significant role (Fig. 3 and Table S3). These results
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Fig. 2 Conserved motifs and exon—intron structure analysis of GhSDG genes. A Conserved motifs of GhSDG proteins, the different motifs
represented by boxes with different colors; B Exon-intron structures of GhSDG genes, the exons and introns are represented by green boxes
and black lines, respectively. The scale at the bottom is used to infer the length of proteins and genes

provide an explanation for the observation that the num-
ber of SDG genes in diploid Gossypium species is only
1.18 times higher than in Tcacao, despite Gossypium
species undergoing an additional round of WGD event
compared to T.cacao (Fig. 3). A comprehensive search
was conducted in an additional 35 plant species, resulting
in the identification of a total of 1689 SDG genes across
39 species (Fig. 3). We found that SDGs were widespread
in monocotyledonous and dicotyledonous plants. Among
these species, the SDG genes in most species were mainly
expanded by dispersed duplication, the proportion of
this duplication varying from 46.5% ~92% (Fig. 3). How-
ever, the WGD and tandem duplication events were the
major force in expanding the SDG genes in some cases,
the 84.3 and 76% of SDG in Glycine max and Citrus sin-
ensis were expanded by WGD and tandem duplication
events, respectively (Fig. 3). These results indicated that
the expansion of SDG genes in the majority of species
is likely to be driven by dispersed events. However, in a

few instances, the expansion of SDG genes may also be
expanded by WGD and tandem duplication events.

All the Ka/Ks ratios of gene pairs of SDG genes in
Gossypium species, resulting from various duplication
events, were found to be lower than 1. This observation
suggests the SDG genes might experience strong purify-
ing selection pressure during evolution and suggests that
the protein functions may be conserved after the expan-
sion (Table S4).

The allopolyploidization event has been found to have
a significant impact on the expansion of SDG genes in
cotton. The number of members in the tetraploid cotton
species was nearly double that of the diploid cotton spe-
cies, whereas some SDG members might have been lost
during the evolution. The SDG genes of the four Gos-
sypium species exhibited an uneven distribution across
nearly all of the chromosomes (Fig. 4 and S3; Table S1).
For G. arboreum, the SDG genes were unevenly distrib-
uted on each chromosome, while the SDG genes of G.
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Total Singleton | Dispersed| Proximal | Tandem WGD

borella trichopod. 30 10.00% 83.33% 6.67% 0.00% 0.00%
Mimulus guttatus 36 6.67% 55.56% 0.00% 13.89% 25.00%
Solanum tuberosum 51 13.33% 37.25% 3.92% 29.41% 21.57%
Solanum lycopersicum 40 6.67% 50.00% 10.00% 10.00% 25.00%
Vitis vinifera 32 3.33% 71.88% 0.00% 6.25% 18.75%
Eucaly grandis 35 6.67% 68.57% 5.71% 8.57% 11.43%
Gossypium barbadense 75 10.00% 58.67% 0.00% 5.33% 32.00%
Gossypium hirsutum 74 10.00% 56.76% 0.00% 5.41% 33.78%
Gossypium arboreum 40 3.33% 55.00% 5.00% 5.00% 32.50%
Gossypium raimondii 40 3.33% 52.50% 5.00% 5.00% 35.00%
Theobroma cacao 34 10.00% 52.94% 2.94% 17.65% 17.65%
Capsella rubella 36 10.00% 58.33% 0.00% 0.00% 33.33%
Arabidopsis thaliana 38 13.33% 55.26% 0.00% 0.00% 34.21%
Boechera stricta 35 3.33% 65.71% 0.00% 0.00% 31.43%
Brassica rapa 56 13.33% 25.00% 7.14% 10.71% 50.00%
Brassica napus 92 10.00% 43.48% 0.00% 5.43% 47.83%
Brassica oleracea 51 10.00% 25.49% 3.92% 7.84% 56.86%
Eutrema salsugineum 50 6.67% 48.00% 12.00% 20.00% 16.00%
Carica papaya 20 3.33% 85.00% 0.00% 0.00% 10.00%
Citrus sinensis 50 10.00% 18.00% 0.00% 76.00% 0.00%
Citrus clementina 44 6.67% 29.55% 4.55% 61.36% 0.00%
Linum i 53 6.67% 16.98% 0.00% 3.77% 75.47%
Populus trichocarpa 46 6.67% 21.74% 0.00% 0.00% 73.91%
Salix purpurea 46 6.67% 30.43% 0.00% 0.00% 65.22%
Manihot esculenta 38 6.67% 42.11% 2.63% 0.00% 50.00%
Ricinus i 32 13.33% 62.50% 0.00% 6.25% 18.75%
Cucumis sativus 25 6.67% 92.00% 0.00% 0.00% 0.00%
Fragaria vesca 37 3.33% 75.68% 0.00% 2.70% 18.92%
Malus domestica 54 6.67% 35.19% 0.00% 3.70% 57.41%
Prunus persica 35 3.33% 65.71% 11.43% 0.00% 20.00%
Medicago truncatula 58 3.33% 46.55% 18.97% 12.07% 20.69%
Phaseolus vulgaris 37 6.67% 67.57% 0.00% 8.11% 18.92%
Glycine max 70 0.00% 15.71% 0.00% 0.00% 84.29%
Aquilegia coerulea 36 13.33% 75.00% 0.00% 2.78% 11.11%
Oryza sativa 30 6.67% 73.33% 0.00% 6.67% 13.33%
Brachypodium distachyon 39 3.33% 74.36% 2.56% 7.69% 12.82%
Sorghum bicolor 40 10.00% 72.50% 2.50% 5.00% 12.50%
Zea mays 37 3.33% 54.05% 0.00% 5.41% 37.84%
Spirodela polyrhiza 2 10.00% 86.36% 0.00% 0.00% 0.00%

Fig. 3 The phylogeny of 39 plants used in this study and the duplication events analysis of identified SDG proteins. The right side shows
the amount and the duplication types of SDG protein detected in each plant. The order of tree branches depicted on the left side was retrieved

from the Timetree database (http://www.timetree.org/)

raimondii were distributed on 12 chromosomes except
DO02. In both the G. hirsutum and G. barbadense, SDG
genes were absent on A01, A04, and DO1. The distribu-
tion of SDG genes in the G. arboreum and At subge-
nome of tetraploid cotton species exhibited a high level
of consistency. However, the distribution of G. raimondii
showed slight differences compared to the Dt subgenome
of tetraploid cotton species (Fig. 4 and S3). We also per-
formed a collinearity analysis of the SDG genes between
the Gossypium species and Arabidopsis. The detected
collinearity gene pairs account for less than half of the
SDG genes, indicating that these genes may have been
conserved from their common ancestor and the rest of
the genes might be duplicated in different evolutionary
events (Fig. S4).

Cis-elements analysis of GhSDGs

The cis-element related to the stress response, light
response, growth and development were detected in the
promoter region (2000bp upstream of the start codon)
of GhSDGs. The results displayed that the MYC, MYB,
and STRE elements were enriched in the promoter of
GhSDGs, indicating that these GASDGs are likely to play
a crucial role in the response to environmental stress
(Fig. S5). Therefore, we speculated that GhSDGs might

play a vital role in regulating the defense against the
external environment.

The expression pattern of GhSDGs

According to the analysis of the RNA-seq data, the GAS-
DG@Gs exhibited distinct expression patterns across vari-
ous tissues. The GhSDG34, 20, 8, and 49 were expressed
relatively highly in all tissues, whereas the GhSDG43, 14,
35, and 60 were rarely expressed in all tissues (Fig. S6).
GhSDGI3 exhibits a specific and highly expressed pat-
tern in both the leaf and root, while GASDG72 shows
exclusive high expression specifically in the root. These
results indicate that GZSDGs might play different roles in
the growth and development in upland cotton.

The biological function of a specific gene is closely
related to the spatiotemporal expression of the transcript.
Based on the results of RNA-seq data (Fig. S7), we chose
6 genes to performed qRT-PCR analysis to investigate
their response under the NaCl treatments. The results
showed that the under the salt treatment, the expres-
sion of GhSDGs were down-regulated after the salt treat-
ment at 2h and 4 h, while their expression rebound at the
6h~24h. The expression of GESDG20 reached the peak
at 24'h, while the expression of GhSDG15 and GhSDG67
continuous decreasing after 6h. The expression of
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-GaSDG28

-GaSDG29

Fig.4 Chromosome distribution and collinearity of duplicated gene pairs of SDG genes. Chromosomes of the Gossypium arboreum, Gossypium
raimondii, and the A, and D, subgenomes of Gossypium hirsutum are represented by differently colored boxes. Collinear gene pairs between GhSDG
genes and the SDG genes of the diploid species are represented by blue and orange lines

GhSDGS51, GhSDGS57, GhSDG57, and GhSDG67
decreased at 12h but increased at 24h (Fig. 5). These
results indicating that GASDGs could respond to the salt
stress.

WGCNA network analysis predict GhSDG51 related to salt
stress

We have additionally discovered that GhSDG51 acted
as a hub gene within a weighted gene co-expression
network analysis (WGCNA) network that is associated
with salt stress. In this network, GhSDG51 exhibited co-
expression with several transcription factors, including
GhSRG1, GhYPTM2, GhPHOT2, GhCYP76C3, GhRAN3
and GhTCP7 (Fig. 6). We further found that these genes
could respond to salt stress by qRT-PCR assays. The
expression levels of GhYPTM?2, GhPHOT2, GhCYP76C3
and GhRAN3 showed an overall upward trend after
salt stress. The expression of GhSRGI increased at 2h,
4h, and 6h after salt treatment, and the expression of
GhTCP7 increased at 12h and 24h after salt treatment.

Therefore, it was hypothesized that GZSDGS51 might play
arole in the response to salt stress.

Silence GhSDG51 reduces tolerance to salt stress

To further explore the function of GASDGSI under salt
stress, we silenced the GhSDG51gene in cotton by VIGS
assay. After approximately 2 weeks following the injec-
tion, the TRV: GhCLA1 plants exhibited an albino phe-
notype (Fig. 7B), indicating that the VIGS experiment
was successful. Furthermore, the qRT-PCR experiment
revealed a significant decrease in the expression level of
GhSDGS51 in TRV: GhSDG51 plants compared to TRV:
00 plants (Fig. 7C), indicating that this gene expres-
sion was successfully silenced. After the salt treatment
with 400mM NaCl for 2days, it was observed that the
GhSDG51-silenced plants exhibited noticeable wilting
in comparison to the control group (Fig. 7A). To fur-
ther investigate the impacts of plant physiological and
biochemical characteristics, the content of proline (Pro)
and malondialdehyde (MDA) were measured in TRV:



Jian et al. BMIC Plant Biology (2023) 23:653 Page 7 of 12
GhSDG15 GhSDG20 GhSDG51
1.5 8 2.0
8 s s L
7} T n 6- l n 1.5 l
@ 1.0 o o
S S S
=y 3 3
(] () 4 O 1.0
() () ()
2 0.5 2 2
) £ 24 I 0.5
) [ [
14 14 rl 14
0.0- T T T 0'- 'TI — T T 0.0- T T T
0 2 4 6 12 24 0 2 4 6 12 24 0 2 4 6 12 24
GhSDG57 GhSDG66 GhSDG67
4 8 2.5
c c c
<} o o .
n 3- l ‘w 6 I ‘0 2.0 l
7] 0 0
o @ S 1.5-
3 3 S
o 27 o 47 o
S s S 107
® 14 T o ks
g g I gl - llas
0- I'_:_'I - T T 0- |'_I'_'| * T T 0.0- T T T
0 2 4 6 12 24 0 2 4 6 12 24 0 2 4 6 12 24

Fig. 5 The relative expression of GhSDGs under the salt treatment. GhActin/ was used as an internal reference. The primers used are listed in Table
S5. Error bars represent the standard deviation of three independent biological replicates

GhSDGS1 and TRV: 00 plants. Before treatment, the con-
tent of MDA and proline in TRV: GASDG51 and TRV:
00 plants exhibited similarity. After the treatment, the
content of MDA was found to be significantly higher in
TRV: GhSDGS51 plants compared to TRV: 00 plants. Con-
versely, the content of proline in TRV: GhSDGS1 was
significantly lower than that in TRV: 00 plants (Fig. 7D,
E). These results indicated that the salinity tolerance
of cotton plants was reduced following the silencing of
GhSDGS51. Moreover, it is proposed that GZSDG51 may
play a crucial role in positively regulating the response of
cotton to salt stress.

Discussion

Cotton, a significant economic crop known for its inher-
ent abiotic resistance, is extensively cultivated worldwide.
Abiotic stresses, such as salinity stress, have a significant
impact on the growth of cotton and have led to limita-
tions in its cultivation worldwide. The SET domain-
containing proteins (SDGs) are known histone lysine
methyltransferases and participate in several processes,
including responding to both biotic and abiotic pro-
cesses [23, 24]. Here, we conducted a comprehensive

genome-wide investigation of SDGs in G.hirsutum and
explored their potential in salt stress.

This study identified a total of 229 putative SDG genes
from G. arboreum, G. raimondii, G. barbadense, and G.
hirsutum. In both allotetraploid cotton species G. hirsu-
tum and G. barbadense, the number of identified SDG
genes was nearly equal to the combined number of
SDG genes in diploid cotton varieties G. arboreum and
G. raimondii. This trend was also observed within each
subfamily. Further analysis of gene structure and protein
sequences revealed that SDG gene members within each
subfamily exhibited similar gene structures, sequence
lengths, and motif distribution pattern. Therefore, our
findings potentially support previous assertion that the
allotetraploid Gossypium species are evolved and spe-
ciated by the hybridization of the diploid progenitors
(Table S1, Fig. 1).

We further found that the dispersed duplication
event is the main force in the expansion of the SDG
genes in many plants, including the Gossypium species
(52.5% ~ 58.67%), which is different from the duplication
pattern on the whole-genome level (Table S3). In addi-
tion, compared with the diploid Gossypium species, most
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biological replicates

SDG@G genes in allotetraploid species were well conserved
in the allotetraploidization events, a similar result was
also found in the Brassica species in this study (Fig. 4,
Fig. 3). Functional differentiation might occur in the
duplicated genes, including partial or complete loss of
the previous functions, gaining new functions, or main-
taining the original functions [25]. And the selection
pressure analysis showed that the SDG genes are under

Error bars represent the standard deviation of three independent

the purified selection during the multiple duplication
events (Table S4). These results suggest that members of
the SDG family may exhibit relatively conserved func-
tions during the evolution.

Promoters contain cis-elements that are crucial for the
specific expression and function of a gene during growth
and development. Some critical stress and hormone-
responsive cis-elements for the plant were found in the
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promoter region of almost all SDG genes (Fig. S5). There-
fore, promoter analysis indicated that the SDG genes in
cotton played roles in various stress responses. By per-
forming the RT-PCR, many SDG genes were found to
respond to the salt treatment, including GhSDGS51. The
WGCNA analysis further showed that GESDGS51 might
act as a hub gene in a co-expression network related to
salt stress. This network includes GERAN3, GhYPTM?2,
GhSRGI1, GhPHOT2, GhTCP7, and GhCYP76C3, which
could participate in the process of plant cell activity,
signal transduction, and responding to multiple abiotic
stresses [26—31]. Next, the qRT-PCR assays indicated the
genes that co-expressed with GhSDGS5I1 were also up-
regulated in salt stress (Fig. 6).

Based on the above results, we speculate that GESDG51
is a candidate gene that may play a role in salt stress. Due
to factors such as the long time and low efficiency of the
cotton transgene, we performed VIGS assay to silence
of GhSDGS51 to study its functions because of the short
experimental period, simple operation method, low cost,
and high efficiency of this method. After salt treatment,
the TRV: GhSDGS51 plants wilted more leaves compared
to control plants (Fig. 7A). Additionally, after salt treat-
ment, the TRV: GASDGS1 plants possessed higher MDA,
whereas the content of proline was lower than that in
control plants (Fig. 7D, E). The proline regulates osmotic
potential and scavenging ROS, the content of proline is
positively correlated with the abiotic stress resistance
of plants, including salt, drought, and high tempera-
ture stress [32, 33]. While MDA is the main product of

membrane lipid peroxidation, and the content of MDA
indirectly reflects the damage degree to plant cells [34].
Therefore, we conclude that GhSDGS51 could play a posi-
tive role in salt stress. However, the precise mechanism of
the function of GESDGS51 requires further study.

Conclusion

In this study, 229 cotton SDG genes were identified in G.
arboreum, G. raimondii, G. hirsutum, and G. barbadense,
and they could be divided into eight subfamilies. The
dispersed duplication and allopolyploidization events
played a vital role in the expansion of GhASDGs. The anal-
ysis of cis-elements and the qRT-PCR experiments dem-
onstrated that GZSDGs might respond to abiotic stresses.
The WGCNA analysis further showed GhSDGS51 plays as
a hub gene in a co-expression network. Finally, by per-
forming the VIGS assay and the measurement of physi-
ological traits, the GhSDG51 might play a positive role
in salt tolerance. This study laid a foundation for further
understanding of SDG proteins in cotton, and provided
functional candidate genes related to salt stress.

Material and methods

Identification and characterization of SDG proteins

The HMMER software (version 3.3.2) was performed
to screen the SDG protein sequences containing SET
domain (PF00856) with default parameters in 39 selected
plant species, the detailed information on these species
is listed in Table S7 [35]. To further confirm that the
candidate SDGs contain the SET domain, we employed
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the InterProScan program (version 5.51RC1-84.0) with
the SMART database (SM00317) and PFAM database
(PF00856) [36]. The protein properties of the SDGs were
calculated by the ProtParam module in Biopython [37].

Phylogenetic analysis of SDG proteins

The SDG protein sequences retrieved from the A. thali-
ana, O. sativa, and four Gossypium species were aligned
by performing the MAFFT software (version 7.310) [38].
The gaps in the alignment result were further removed
by BMGE software [39]. The phylogenetic tree was con-
structed by the aligned protein sequences by FastTree
(version 2.1.11) [40]. The visualization of the phyloge-
netic tree was generated by evolview (version 3.0) [41].

Gene structure, and motif analysis of GhSDGs

The information on gene structure (exon/intron) was
retrieved from the genomic annotation (gtf/gff files). The
SDG protein sequences were submitted to the MEME
website to detect the motifs [42]. The PlantCARE web-
site was used to detect the cis-elements in the promoter
(2000bp upstream genomic DNA sequences) of SDG
genes [43]. The results were visualized in TBtools (ver-
sion 0.1098765) software [44].

Analysis of gene collinearity and duplication events

The duplication event was identified by the duplicate_
gene_classifier module in MCScanX [45]. The collinear-
ity of the SGD genes was calculated by MCScanX and
Dupgen_finder [45, 46]. The gene collinearity and the
chromosome location of SDGs were visualized in Circos
software (version 0.69-9). The ratio of nonsynonymous
rate and synonymous rate (Ka/Ks) was calculated by Par-
aAT pipeline and Kaks_calculator (version 2.0) [47, 48].

Expression proflings and WGCNA analysis

The transcriptome data from a previous study were used
in this study (Accessions: PRJNA490626) [49]. The analy-
sis pipeline for generating FPKM (Fragments Per Kilo-
base of transcript per Million mapped reads) value and
the analysis of WGCNA were described in our previous
study [50].

RNA extraction and qRT-PCR analysis

The seeds of upland cotton (TM-1) were cultured in seed-
ling blocks at 24/ 20°C for 16 / 8 h. Three-week-old seed-
lings were treated selected with 200 mM sodium chloride.
Three biologically replicated of true leaves were collected
at 0, 2, 4, 6, 12, and 24h and frozen in liquid nitrogen
at —80°C for further analysis. Total RNA was isolated
using the RNA prep Pure Plant Kit (TIARGEN, Beijing,
China) and treated with DNase-I to remove genomic
DNA. The quality and purity of the RNA were measured
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by a NanoDrop 2000 spectrophotometer (Thermo Sci-
entific, Massachusetts, USA), and 1 ug of RNA was used
to synthesize first-strand cDNA with the Transcriptor
First Strand cDNA Synthesis Kit and oligo-dT primers at
42°C for 60 min, followed by 72°C for 10 min. Real-time
PCR was performed in a 7500 Fast Real-Time PCR sys-
tem (Applied Biosystems, State of California, USA) using
SYBR Green Master Mix. Three biological replicates were
performed for each cDNA sample, and each reaction was
prepared in a total volume of 20uL containing 10 pL of
SYBR Green PCR Master Mix, 0.4pL of each primer,
2uL (200ng) of diluted cDNA template, and 7.2pL of
nuclease-free H,O. The qRT-PCR was performed using
the PCR System from Applied Biosystems. The primers
for the qRT-PCR are listed in Table S5. Results were ana-
lyzed with the 2722 method [51].

VIGS of GhSDG51 in upland cotton

A specific fragment of GASDGS1 (301-600) was cloned
and used to construct a pTRV2:GhSDGSI vector. Then,
the recombinant vector plasmid was transformed into
Agrobacterium tumefaciens LBA4404. The Agrobacte-
rium tumefaciens carrying pYL156 (negative control,
TRV: 00), pYL156-GhSDGSI1 (TRV: GhSDGS1), pYL156-
CLA1 (positive control, TRV: CLA1), and pYL192 (acces-
sory vector) were cultured in 28°C, 180rpm shaker.
When the OD600 of the bacterial liquid reached 1.8,
the bacteria were resuspended to OD600=1.5 by using
the buffer containing 10mM MgCl,, 10mM MES, and
200 M acetosyringone. After being kept in the dark at
25°C for 3h, the Agrobacterium resuspended solution
containing pTRV2: GASDGS1, pTRV2: 00, and pTRV2:
GhCLA1I was mixed with pYL192 in a 1:1 ratio [52]. The
mixture was then injected into the cotyledons of TM-1
seedlings. Finally, the injected cotton plants were placed
in a dark incubator and moved to the culture room for
regular cultivation after 24 h. After growing for about 2
weeks, when the leaves of positive plants exhibited an
albino phenotype, the silencing efficiency was subse-
quently determined through qRT-PCR experiments.
The TRV: GhSDG51 and TRV: 00 were irrigated with
400mM NaCl to observe the phenotype. Cotton leaves
were used to determine the content of MDA content and
proline activity by using the malondialdehyde assay kit
(Jiancheng, Nanjing, China) and proline (Pro) assay kit
(Jiancheng, Nanjing, China), respectively.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-023-04657-2.

Additional file 1.
Additional file 2.



https://doi.org/10.1186/s12870-023-04657-2
https://doi.org/10.1186/s12870-023-04657-2

Jian et al. BMIC Plant Biology (2023) 23:653

Additional file 3.
Additional file 4.
Additional file 5.
Additional file 6.
Additional file 7.

Additional file 8.

Acknowledgements

The experiment was performed at the National Key Laboratory of Cotton Bio-
breeding and Integrated Utilization at the Institute of Cotton Research of the
Chinese Academy of Agricultural Sciences.

Authors’ contributions

H.LJ, HLW. and SXY. designed the research program; T.L.H., X.L.L, BQW. and
H.T.W. analyzed transcriptomic data. X.H.G,, LM, JH.L, and X.KF. revised the
language. H.LJ. performed the experiment and wrote the manuscript. FW. and
PY.C. provided critical feedback and helped shape the research, analysis and
manuscript. All authors have read and approved the final manuscript.

Funding

This research was supported by the Agriculture on improved variety research
projects in Henan Province, 2022010301; China Agriculture Research System
(Grant No. CARS-15-06); Central Public-Interest Scientific Institution Basal
Research Fund (1610162023036).

Availability of data and materials

Genome files of Arabidopsis thaliana, Oryza sativa, Gossypium species, and
Brassica species were obtained from TAIR (https://www.arabidopsis.org/), Rice
Genome Annotation Project (http://rice.uga.edu/), Cottongen (https://www.
cottongen.org/), BRAD (https://brassicadb.org/) respectively. The genome
files of the rest species mentioned in the article were retrieved from the Phy-
tozome (https://phytozome-next.jgi.doe.gov/). The RNA seq data used in this
study were retrieved from the NCBI Sequence Read Archive (SRA) database
(https://www.ncbi.nlm.nih.gov/sra) under the accession code PRINA490626.

Declarations

Ethics approval and consent to participate

In this study, the cotton varieties were from the lab of early maturity breeding,
Institute of Cotton Research, Chinese Academy of Agricultural Science. These
plant materials do not include any wild species at risk of extinction. No specific
permits were required for sample collection in this study. We complied with
relevant institutional, national, and international guidelines and legislation for
plant study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"National Key Laboratory of Cotton Bio-breeding and Integrated Utilization,
Institute of Cotton Research of Chinese Academy of Agricultural Sciences,
Anyang, Henan 455000, China. °Zhucheng Agricultural Technology Promotion
Center, Zhucheng, Shandong 262200, China.

Received: 15 March 2023 Accepted: 1 December 2023
Published online: 19 December 2023

References
1. Tschiersch B, Hofmann A, Krauss V, Dorn R, Korge G, Reuter G. The protein
encoded by the Drosophila position-effect variegation suppressor gene

20.

21.

22.

23.

Page 11 of 12

Su(var)3-9 combines domains of antagonistic regulators of homeotic
gene complexes. EMBO J. 1994;13(16):3822-31.

Jones RS, Gelbart WM. The Drosophila Polycomb-group gene enhancer
of zeste contains a region with sequence similarity to trithorax. Mol Cell
Biol. 1993;13(10):6357-66.

Stassen MJ, Bailey D, Nelson S, Chinwalla V, Harte PJ. The Drosophila
trithorax proteins contain a novel variant of the nuclear receptor type
DNA binding domain and an ancient conserved motif found in other
chromosomal proteins. Mech Dev. 1995;52(2-3):209-23.

Dillon SC, Zhang X, Trievel RC, Cheng XD. The SET-domain protein super-
family: protein lysine methyltransferases. Genome Biol. 2005;6(8):227.

Ng DW, Wang T, Chandrasekharan MB, Aramayo R, Kertbundit S, Hall TC.
Plant SET domain-containing proteins: structure, function and regulation.
Biochim Biophys Acta. 2007;1769(5-6):316-29.

LiuY, Chen X, Xue S, Quan T, Cui D, Han L, et al. SET DOMAIN GROUP 721
protein functions in saline-alkaline stress tolerance in the model rice
variety Kitaake. Plant Biotechnol J. 2021;19(12):2576-88.

Grossniklaus U, Vielle-Calzada JP, Hoeppner MA, Gagliano WB. Maternal
control of embryogenesis by MEDEA, a polycomb group gene in Arabi-
dopsis. Science. 1998;280(5362):446-50.

Goodrich J, Puangsomlee P, Martin M, Long D, Meyerowitz EM, Coupland
G. A Polycomb-group gene regulates homeotic gene expression in
Arabidopsis. Nature. 1997,386(6620):44-51.

Pien S, Fleury D, Mylne JS, Crevillen P, Inzé D, Avramova Z, et al. ARABI-
DOPSIS TRITHORAX1 dynamically regulates FLOWERING LOCUS C activa-
tion via histone 3 lysine 4 trimethylation. Plant Cell. 2008;20(3):580-8.
Nasim Z, Fahim M, Hwang H, Susila H, Jin S, Youn G, et al. Nonsense-
mediated mMRNA decay modulates Arabidopsis flowering time via

the SET DOMAIN GROUP 40-FLOWERING LOCUS C module. J Exp Bot.
2021,72(20):7049-66.

. LiuKP YuY, Dong AW, Shen WH. SET DOMAIN GROUP701 encodes a

H3K4-methytransferase and regulates multiple key processes of rice plant
development. New Phytol. 2017;215(2):609-23.

Zhou HY, Liu YH, Liang YW, Zhou D, Li SF, Lin S, et al. The function of
histone lysine methylation related SET domain group proteins in plants.
Protein Sci. 2020;29(5):1120-37.

Ding Y, Lapko H, Ndamukong |, Xia Y, Al-Abdallat A, Lalithambika S, et al.
The Arabidopsis chromatin modifier ATX1, the myotubularin-like AtMTM
and the response to drought. Plant Signal Behav. 2009;4(11):1049-58.
Ding Y, Avramova Z, Fromm M. The Arabidopsis trithorax-like factor ATX1
functions in dehydration stress responses via ABA-dependent and ABA-
independent pathways. Plant J. 2011,66(5):735-44.

Chen DH, Qiu HL, Huang Y, Zhang L, Si JP. Genome-wide identification
and expression profiling of SET DOMAIN GROUP family in Dendrobium
catenatum. BMC Plant Biol. 2020;20(1):40.

Berr A, McCallum EJ, Alioua A, Heintz D, Heitz T, Shen WH. Arabidopsis
histone methyltransferase SET DOMAIN GROUP8 mediates induction of
the jasmonate/ethylene pathway genes in plant defense response to
necrotrophic fungi. Plant Physiol. 2010;154(3):1403-14.

Pontvianne F, Blevins T, Pikaard CS. Arabidopsis histone lysine Methyltrans-
ferases. Adv Bot Res. 2010;53:1-22.

Lu ZH, Huang XL, Ouyang YD, Yao JL. Genome-wide identification, phy-
logenetic and co-expression analysis of OsSET gene family in Rice. PLoS
One. 2013;8(6):65426.

Qian YX, Xi YL, Cheng BJ, Zhu SW, Kan XZ. Identification and char-
acterization of the SET domain gene family in maize. Mol Biol Rep.
2014,41(3):1341-54.

Huang Y, Mo YJ, Chen PY, Yuan XL, Meng FN, Zhu SW, et al. Identification
of SET domain-containing proteins in Gossypium raimondii and their
response to high temperature stress. Sci Rep. 2016;6:32729.

Sehrish' S, Sumbal W, Xie M, Zhao C, Zuo R, Gao F, et al. Brassica napus
genome-wide identification and characterization of SET domain family
genes in L. Int J Mol Sci. 2022;23(4):1936.

Batra R, Gautam T, Pal S, Chaturvedi D, Rakhi JI, Balyan HS, et al. Identifica-
tion and characterization of SET domain family genes in bread wheat
(Triticum aestivum L.). Sci Rep. 2020;10(1):14624.

Wang J, Nan N, Li N, Liu Y, Wang TJ, Hwang |, et al. A DNA meth-

ylation reader-chaperone regulator-transcription factor complex
activates OsHKT1;5 expression during salinity stress. Plant Cell.
2020;32(11):3535-58.


https://www.arabidopsis.org/
http://rice.uga.edu/
https://www.cottongen.org/
https://www.cottongen.org/
https://brassicadb.org/
https://phytozome-next.jgi.doe.gov/
https://www.ncbi.nlm.nih.gov/sra

Jian et al. BMIC Plant Biology (2023) 23:653

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Jiang P, Wang S, lkram AU, Xu Z, Jiang H, Cheng B, et al. SDG721 and
SDG705 are required for rice growth. J Integr Plant Biol. 2018;60(7):530-5.
Hurst L. The Ka/Ks ratio: diagnosing the form of sequence evolution.
Trends Genet. 2002;18(9):486.

CaoY, Li G,Wang X, Huang R, Luo J, Li M, et al. Overexpression of a
Senescence-Related Gene CpSRG1 from Wintersweet (Chimonanthus
praecox) Promoted Growth and Flowering, and Delayed Senescence in
Transgenic Arabidopsis. Int J Mol Sci. 2022,23(22):13971.

XuY, Liu H, Gao'Y, Xiong R, Wu M, Zhang K, et al. The TCP transcription
factor PeTCP10 modulates salt tolerance in transgenic Arabidopsis. Plant
Cell Rep. 2021;40(10):1971-87.

Wang J, Liang YP, Zhu JD, Wang YX, Yang MY, Yan HR, et al. Phototropin

1 mediates high-intensity blue light-induced chloroplast accumulation
response in a root phototropism 2-dependent manner in Arabidopsis
phot2 mutant plants. Front Plant Sci. 2021;12:704618.

Wei K, Chen H. Global identification, structural analysis and expression
characterization of cytochrome P450 monooxygenase superfamily in
rice. BMC Genomics. 2018;19(1):35.

Vernoud V, Horton A, Yang Z, Nielsen E. Analysis of the small GTPase gene
superfamily of Arabidopsis. Plant Physiol. 2003;131(3):1191-208.

Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins. Physiol Rev.
2001;81(1):153-208.

Ghosh U, Islam M, Siddiqui M, Cao X, Khan M. Proline, a multifaceted
signalling molecule in plant responses to abiotic stress: understanding
the physiological mechanisms. Plant Biol. 2022,24(2):227-39.

Hayat S, Hayat Q, Alyemeni M, Wani A, Pichtel J, Ahmad A. Role of
proline under changing environments: a review. Plant Signal Behav.
2012;7(11):1456-66.

Ma J, Du G, Li X, Zhang C, Guo J. A major locus controlling malondialde-
hyde content under water stress is associated with Fusarium crown rot
resistance in wheat. Mol Gen Genomics. 2015;290(5):1955-62.

Finn R, Clements J, Eddy S. HMMER web server: interactive sequence
similarity searching. Nucleic Acids Res. 2011;39:W29-37.

Jones P, Binns D, Chang H, Fraser M, Li W, McAnulla C, et al. InterPro-
Scan 5: genome-scale protein function classification. Bioinformatics.
2014,30(9):1236-40.

Cock P, Antao T, Chang J, Chapman B, Cox C, Dalke A, et al. Biopython:
freely available Python tools for computational molecular biology and
bioinformatics. Bioinformatics. 2009;25(11):1422-3.

Katoh K, Standley D. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol.
2013;30(4):772-80.

Criscuolo A, Gribaldo S. BMGE (block mapping and gathering with
entropy): a new software for selection of phylogenetic informative
regions from multiple sequence alignments. BMC Evol Biol. 2010;10:210.
Price M, Dehal P, Arkin A. FastTree: computing large minimum evolu-
tion trees with profiles instead of a distance matrix. Mol Biol Evol.
2009;26(7):1641-50.

Subramanian B, Gao S, Lercher M, Hu' S, Chen W. Evolview v3: a webserver
for visualization, annotation, and management of phylogenetic trees.
Nucleic Acids Res. 2019;47:W270-5.

Bailey T, Boden M, Buske F, Frith M, Grant C, Clementi L, et al. MEME
SUITE: tools for motif discovery and searching. Nucleic Acids Res.
2009;37:W202-8.

Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van de Peer, et al. Plant-
CARE, a database of plant cis-acting regulatory elements and a portal
to tools for in silico analysis of promoter sequences. Nucleic Acids Res.
2002;30(1):325-7.

Chen C, Chen H, Zhang Y, Thomas H, Frank M, He Y, et al. TBtools: an inte-
grative toolkit developed for interactive analyses of big biological data.
Mol Plant. 2020;13(8):1194-202.

Wang Y, Tang H, Debarry J, Tan X, Li J, Wang X, et al. MCScanX: a toolkit
for detection and evolutionary analysis of gene synteny and collinearity.
Nucleic Acids Res. 2012:40(7):e49.

Qiao X, LiQ,Yin H, Qi K, Li L, Wang R, et al. Gene duplication and evolu-
tion in recurring polyploidization-diploidization cycles in plants. Genome
Biol. 2019;20(1):38.

Wang D, Zhang Y, Zhang Z, Zhu J, Yu J. KaKs_Calculator 2.0: a toolkit
incorporating gamma-series methods and sliding window strategies.
Genomics Proteomics Bioinformatics. 2010;8(1):77-80.

Page 12 of 12

48. Zhang Z, Xiao J,Wu J, Zhang H, Liu G, Wang X, et al. ParaAT: a parallel
tool for constructing multiple protein-coding DNA alignments. Biochem
Biophys Res Commun. 2012;419(4):779-81.

49. HuY,Chen J,Fang L, Zhang Z, Ma W, Niu Y, et al. Gossypium barbadense
and Gossypium hirsutum genomes provide insights into the origin and
evolution of allotetraploid cotton. Nat Genet. 2019;51(4):739-48.

50. Chen P, Wei F, Cheng S, Ma L, Wang H, Zhang M, et al. A comprehen-
sive analysis of cotton VQ gene superfamily reveals their potential and
extensive roles in regulating cotton abiotic stress. BMC Genomics.
2020;21(1):795.

51. Livak K, Schmittgen T. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(—Delta Delta C(T)) method. Methods.
2001;25(4):402-8.

52. Hayward A, Padmanabhan M, Dinesh-Kumar S. Virus-induced gene silenc-
ing in nicotiana benthamiana and other plant species. Methods Mol Biol.
2011,678:55-63.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Genome-wide analysis of SET domain genes and the function of GhSDG51 during salt stress in upland cotton (Gossypium hirsutum L.)
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Identification of SDG family members
	Phylogenetic analysis and structure of SDG family members
	Gene duplication and selection pressure analysis of SDG members
	Cis-elements analysis of GhSDGs
	The expression pattern of GhSDGs
	WGCNA network analysis predict GhSDG51 related to salt stress
	Silence GhSDG51 reduces tolerance to salt stress

	Discussion
	Conclusion
	Material and methods
	Identification and characterization of SDG proteins
	Phylogenetic analysis of SDG proteins
	Gene structure, and motif analysis of GhSDGs
	Analysis of gene collinearity and duplication events
	Expression proflings and WGCNA analysis
	RNA extraction and qRT-PCR analysis
	VIGS of GhSDG51 in upland cotton

	Anchor 25
	Acknowledgements
	References


